con una media Յ 6, la persistencia no fue afectada al incrementarse el tamaño de la camada por arriba de su rango normal (i.e.,(8)(9)(10)(11)(12) 
Introduction
The ecology of large carnivores presents difficult problems for conservation (Schaller 1996) . Almost by definition, conflicts with humans and livestock are a serious issue for animals that are large and carnivorous (Clark et al. 1996) . Real or potential conflicts with human activities in multiple-use areas restrict large carnivores to reserves and adjacent areas in much of the world. Such reserves must be large and ecologically intact to accommodate large carnivores because they exhibit lower population densities than smaller species or those at lower trophic levels (Blackburn & Gaston 1994 ) and because large carnivores range widely (Woodroffe & Ginsberg 1998) .
African wild dogs ( Lycaon pictus ) illustrate these problems clearly. The wild dog is a large (20-28 kg), pack-living carnivore that preys mainly on ungulates. They are the only living member of the genus Lycaon , which diverged from the genus Canis (wolves and jackals) about the time this genus appeared 3-5 million years ago ( Wayne et al. 1997 ) . Wild dogs formerly inhabited most of subSaharan Africa, with the exception of desert and rainforest, but now have a patchy distribution and are largely confined to protected areas (Fanshawe et al. 1991 (Fanshawe et al. , 1997 . Historically, wild dogs were never known to exhibit high densities (Selous 1908) , and population densities now vary from about 5 adults/ 1000 km 2 (Serengeti National Park) to 40 adults/1000 km 2 (Selous Game Reserve) . Densities of 17-20 adults/ 1000 km 2 are typical in large parks dominated by open woodland (Fuller et al. 1992; Maddock & Mills 1994) . A park of 10,000 km 2 is likely to hold Ͻ 200 wild dogs, and field studies have documented few populations exceeding 100 adults (Maddock & Mills 1994; McNutt 1995; Fanshawe et al. 1997) . The Selous Game Reserve contains the largest remaining population, with approximately 880 adults and yearlings (Creel & Creel 1998) .
Because wild dog conservation depends on the viability of populations with a few hundred individuals, the quantitative assessment of factors affecting extinction risk for such populations is a high priority. Field studies have identified factors that affect the density and demography of wild dogs, including habitat loss, human-caused mortality, infectious diseases, and competition with lions and hyenas ( Kruuk 1972; Malcolm 1979; Gascoyne et al. 1993; Creel et al. 1995 Creel et al. , 1997 van Heerden et al. 1995; Creel & Creel 1996 ; M. G. L. Mills & Gorman 1997; Gorman et al. 1998) . Some aspects of human effects on wild dog populations are at least conceptually well understood. For example, habitat loss reduces population size, and human-caused mortality is likely to alter survivorship, both of which would increase the risk of extinction. Moreover, despite the strong negative human effects on several sympatric species of large carnivores, most of these species (except wild dogs) often maintain high densities ( Hofer et al. 1993; Creel & Creel 1996) . This observation suggests that some aspect of wild dog ecology plays an important role in their vulnerability to local extinction. Because the relationship between extinction risk and ecological factors such as interspecific competition is potentially important but less well understood ( Vucetich et al. 1997 ), our goal is to assess whether intrinsic ecological factors may cause wild dogs to be extinction prone.
The extinction simulation program VORTEX (Lacy & Kreeger 1992) has been used to explore the role of chance in the decline of a population of 20-30 wild dogs in Serengeti National Park (Burrows et al. 1994; Ginsberg et al. 1995) . VORTEX was also used, in a broader context, to examine the effects of population size, fragmentation, inbreeding, and changes in mortality on extinction risk in wild dogs . These simulations suggest that population size (which was varied from 20 to 100 adults) was the most important variable affecting persistence. Extinction risk was more sensitive to changes in the mortality of adults than juveniles. Fragmentation reduced persistence for small populations (i.e., Ͻ 50 dogs), unless the population received immigrants.
Although these conclusions seem reasonable, results from generalized population viability analysis (PVA) programs (e.g., VORTEX) can be misleading. For example, four generalized population viability programs (including VORTEX) yielded widely divergent estimates of extinction risk for a single grizzly bear population, despite efforts to implement the programs as identically as possible (L. S. Mills et al. 1996) . Inconsistencies arise because all PVAs depend on assumptions about demography, ecological interactions, and social structure, which vary among PVA programs. Because the structure of a population model has important consequences for its dynamics (Caswell et al. 1997) , the match between PVA assumptions and a given species' population biology strongly affects the plausibility of viability estimates (L. S. Mills et al. 1996; Pascual et al. 1997) . Using a generalized PVA model to predict viability when the population's biology does not fit the PVA model assumptions is analogous to drawing inferences from a statistical test for data that do not meet its assumptions.
Although generalized PVA programs provide valuable insight when applied to populations whose biology matches the model assumptions, generalized programs are likely to be inappropriate when, for example, population dynamics are strongly affected by social structure or complex ecological interactions (Boyce 1992; Caughley 1994; Vucetich et al. 1997) . Both social structure and complex ecological interactions are important factors in determining the dynamics of wild dog populations. Wild dog social structure-formation and maintenance of stable packs-influences population dynamics through the effect of pack size on foraging success (Creel 1997 ) and reproductive success (Creel et al. 1997 a ) . The ecological interactions of wild dogs, in the form of interspecific competition with lions and spotted hyenas, affect foraging success, energy balance, habitat selection, and population density (Fanshawe & Fitzgibbon 1993; Creel & Creel 1996; Mills & Gorman 1997; Gorman et al. 1998) . Given the importance of these complexities, an individual-based viability model (DeAngelis & Gross 1992 ) that allows for the incorporation of these ecological and demographic factors represents a more appropriate approach to modeling wild dog population viability.
We assessed extinction risk using an individual-based model that mimics the ecological and social characteristics of wild dog populations. The model's logical structure (e.g., pack membership, rules for dispersal), causal relationships (e.g., pack size and reproduction), and parameter values (e.g., age-and sex-specific survival) are based on demographic and ecological data from a wild dog population in the Selous Game Reserve. Because lion density correlates negatively with wild dog population density (Creel & Creel 1996) , and because lion competition and predation are likely to be important components of extinction risk for wild dogs (Mills & Gorman 1997) , we structured the model to focus on the effects of interspecific competition with lions. Because infectious diseases may also affect extinction risk (Malcolm 1979; Gascoyne et al. 1993; Creel et al. 1995; Woodroffe et al. 1997) , we also analyzed the sensitivity of extinction risk to infectious disease.
Study Population and Parameter Estimation
Means and variances for model parameters were based on observations of 366 wild dogs in 11 packs on a 2600-km 2 site in the north of the Selous Game Reserve, Tanzania (lat 7 Њ 35 Ј S, long 38 Њ 15 Ј E), between June 1991 and October 1996. Over this time period, population density varied from 49 dogs/1000 km 2 to 63 dogs/1000 km 2 . We typically had about 140 individuals under study at one time. We radio-collared two individuals in each pack (Creel et al. 1997 a ) , which allowed us to relocate the dogs for demographic monitoring and behavioral observations. We identified individual wild dogs by variations in their patchy brown, black, and white coats, with the aid of a collection of reference photographs.
From field notes we compiled a database with one record per individual for every month in which that individual was seen or inferred to be alive from later observations (for a total of 7317 dog-months). This database contained information on age, reproduction, dispersal status, and social status. From this database we derived a second database summarizing information at the level of packs (number of adults of each sex, number of yearlings of each sex, number of breeding females, number of pups of each sex born, number of pups of each sex surviving at 1 year). With user-written programs, we determined means and variances for age-and sex-specific survival, dispersal risk (method of Waser et al. 1994) , pack size and composition, sex ratios, and the parameters for a regression of reproductive success on pack size. We constructed a table summarizing 35 dispersal events (71 female dispersers and 56 male dispersers) and used the table to derive dispersal rules for the simulation.
The Model
We constructed an individual-based model to simulate the behavior of an African wild dog population, in which lion population dynamics constitute a strong influence on wild dog dynamics. The fate of each wild dog in the population was traced from birth to death, and extinction occurred when either sex fell to zero individuals. Each individual was characterized by its pack membership, sex, and age.
During each year of the simulation, each wild dog had an age-dependent probability of survival (0.59 for pups, 0.78 for yearlings, and 0.80 for adults). A litter was added annually to each pack that held at least one male and one female (i.e., packs composed of a single sex did not produce litters until joined by members of the opposite sex). Litter size was selected randomly from a Poisson distribution whose mean value was determined by pack size. Specifically, the mean litter size was calculated as 1.87 ϩ (0.51 ϫ pack size), based on least-squares re-gression of litter size on pack size in Selous ( t 33 ϭ 2.24; p ϭ 0.03). To produce agreement in age structure between simulated populations and the Selous population, we adjusted the intercept to 2.30 and the slope to 0.63. This adjustment was necessary to make the model internally consistent by producing simulated age structures and pack sizes similar to those observed in the study population. Although the regression is significant, our data on age structure are more precise than the regression coefficients: the adjusted slope and intercept are within the 95% confidence intervals of the least-squares estimates. The sex ratio of each litter was selected from a binomial distribution in which the average proportion of males was 0.57. This proportion was estimated from the study population and is similar in other free-ranging and captive populations (Malcolm 1979; Fuller et al. 1992) .
Although the mechanisms that determine the number of packs in a population are not fully understood, two patterns suggest an appropriate method for modeling the number of packs. First, lion density has a strong negative correlation with wild dog population density: (Creel & Creel 1996) . Second, pack size is not detectably related to lion density ( p ϭ 0.45; n ϭ 6 populations; simple correlation). Based on these patterns, we predicted the number of packs for each year of the simulation (except the first) by dividing the predicted number of wild dogs (based on lion density according to the immediately preceding expression) by the mean pack size in the Selous population (4.7 yearlings ϩ 9.0 adults). Mean pack size of the Selous population was used only to determine pack formation or failure; simulated pack size rose independently of this process. As described above, pack size increased according to the relationship between pack size and fecundity and decreased according to age-and sex-specific mortality rates. If the predicted number of packs (rounded to the nearest integer) exceeded the current number of packs in the simulated population, then a new pack was established by one male and one female from the pack(s) with the largest number of males and females, respectively.
If the predicted number of packs was less than the actual number, then the smallest pack in the simulated population failed, and each wild dog in that pack dispersed into randomly selected packs. If any pack's size exceeded 12, all of the yearlings of one sex (chosen randomly) dispersed from that pack into the smallest pack. This dispersal pattern is similar to that observed in Selous and Botswana (McNutt 1996; S. Creel and N. M. Creel, unpublished data) . Consistent with observations from Selous, where dispersal mortality was estimated to fall between 0.38 and 0.83 ( n ϭ 127 dispersers; method of Waser et al. 1994) , simulated dispersal was accompanied by a 0.5 chance of mortality. Collectively, the rules for recruitment, mortality, and dispersal determined the size and composition of each simulated pack in each year. This approach allowed pack size to be influenced by the fecundity and mortality of the individuals within each pack, whereas the number of packs was influenced by ecological factors thought to affect population density. The appropriateness of these rules was supported by close concordance in size and composition between the real and simulated packs.
Because calculating the number of packs required simulated information about lion density, we modeled lion population dynamics according to a diffusion process (Dennis et al. 1991) in which the average lion population size, total range of lion population size, and annual lion population growth rate were directly specified as independent variables. Year-to-year variability in population size was estimated from data from a naturally regulated lion population (i.e., from Ngorongoro Crater, Tanzania; Packer et al. 1991; C. Packer, personal communication) . We used this population because it provided the best information available for estimating yearto-year variability in a lion population.
Each simulation began with a population of 98 adult and yearling wild dogs divided into seven packs, where each pack initially consisted of 9 adults, 5 yearlings, and 8 pups (mimicking the Selous population). We chose 98 wild dogs as a baseline model because most wild dog populations are about this size or smaller, and initial simulations suggested that, in the absence of ecological or demographic problems, a population of approximately 100 dogs will persist for 100 years with a probability near one. Thus, a population of 98 wild dogs provides a reasonable standard of comparison for evaluating extinction risk in simulated populations subjected to challenges such as increased interspecific competition or disease. The initial sex ratio was determined by randomly assigning each wild dog a sex, where the probability of being male was 0.57. With all parameter values fixed, we calculated the probability of persisting to 20, 50, and 100 years (denoted PP 20 , PP 50 , PP 100 , and generally as PP x ) based on the trajectories of 20,000 simulated populations for each scenario. We evaluated the sensitivity of population persistence by varying one parameter at a time.
Sensitivity Analysis and Results

Lion Density
We modeled probabilities of persistence in wild dog populations for average lion densities ranging from 50 lions/1000 km 2 to 200 lions/1000 km 2 . This covers the range of lion densities typically observed in nature (Fig. 1) . When average lion densities were below 100 lions/1000 km 2 , the probability of persistence for wild dog populations was near 1.0 for periods of 20-100 years. As average lion density increased from 100 to 140 lions/1000 Conservation Biology Volume 13, No. 5, October 1999 km 2 , PP x dropped precipitously (Fig. 1) . For average lion densities exceeding 140 lions/1000 km 2 , PP x was virtually zero, even for periods as short as 20 years. To examine the effect of mean lion density with minimal variation in lion density, we held lion density within 7% of the average density for these simulations.
To examine the effect of variation in lion density on wild dog population viability, we calculated PP x for constant average lion densities but allowed the range (i.e., maximum-minimum) to vary (Fig. 2) . These simulations were repeated for moderate (100 lions/1000 km . Under these conditions, with a high mean and variance, lion density occasionally reached levels that quickly decimated wild dog populations. Although the lion population may subsequently decline, wild dogs may never recover from the population bottleneck.
Disease
We modeled the influence of three diseases likely to affect wild dog populations: rabies (Gascoyne et al. 1993; Kat et al. 1995) , canine distemper virus (CDV; Alexander et al. 1996; Roelke-Parker et al. 1996) , and canine parvovirus (CPV; Creel et al. 1997 c ) . These simulations were characterized by an annual probability (ranging from 0 to 100%) that the disease would affect individual mortality for that year. Each disease affected mortality in a different manner: rabies affected all age classes equally, CDV primarily affected pups and yearlings and to a lesser extent adults, and CPV affected only pups. Conforming to this pattern, simulations for each disease were further characterized by specified (but arbitrary) increases in mortality (Fig. 3) . We varied the effects on survival over wide ranges because estimates of true disease-induced mortality are poor. Because exposure or vulnerablity to these diseases may be greater when the density of interspecific competitors is high (Grenfell & Dobson 1995) , we modeled the influence of disease at moderate and high lion densities.
The qualitative effect of disease on wild dog populations was similar for moderate and high lion densities (Fig. 3) . If the effects of disease and high lion density are additive as we have modeled them, however, extinction risk could be high in the presence of disease and high lion density. As modeled, rabies generally had a much greater effect on extinction risk than CDV or CPV. When CDV or CPV reduced survival by Յ 0.20, extinction risk increased little unless outbreaks occurred frequently. In general, the simulated effect of CPV was substantially less important than the effect of rabies. Better data, however, are needed on mortality consequences of CDV before conclusions can be drawn.
Immigration
Because extinction risk was high when lion density was high or when infectious disease was severe, we investi- gated how immigration might mitigate extinction risk. Rather than modeling the dynamics of a neighboring source of immigrants, we simply provided immigrants under the following rules. Consistent with observed dispersal behavior of wild dogs (Frame et al. 1979; McNutt 1995; Waser 1996) , each immigrating group consisted of same-sex individuals, where the sex was randomly selected (i.e., the probability of being a male is 0.57). Based on observations in Selous, the size of each immigrating group was selected randomly from a Poisson distribution with a mean of four. We determined the number of groups immigrating each year randomly by drawing from a Poisson distribution with a mean of one. Moreover, immigration occurred only during randomly chosen years to vary immigration rates from an average of 0.1 groups per year to 1 group per year (Fig. 4) .
Immigrating groups were incorporated into the population in one of three ways. The first option was to form a new breeding pack by joining a group composed of only opposite-sexed dogs, if such a group existed. The second option was to join a pack composed of both sexes but fewer members of the same sex, if such a group existed. In this case, the same-sex pack members would be displaced by the immigrants. The displaced dogs then dispersed as a group into another pack (following the same rules for immigration), accompanied by a 0.5 risk of death added to normal age-and sex-specific mortality. If options one and two were not available, the third option was to establish a new and independent singlesex group. The new pack (like other packs) was subject to disbanding (within the next simulated year) if lion density was too high to allow an additional pack.
When lion density was moderate (100 lions/1000 km 2 ), the probability of persistence to 50 years was high in the absence of immigration, so immigrants had little effect on PP 50 . When lion density was high (131 lions/ 1000 km 2 ), however, an average of one immigrant group every other year increased PP 50 from 0.60 to 0.80, and an average of one immigrant group per year further increased PP 50 to 0.98. Thus, a modest amount of connectedness among simulated populations can substantially increase the probability of persistence for wild dogs facing unfavorable ecological and demographic conditions (compare Figs. 1 & 4) .
Litter Size
Because pack size and litter size are correlated, we modeled the sensitivity of extinction risk to changes in average litter size by altering the y -intercept of the regression of litter size on pack size. In this manner, we estimated extinction risk when litter size varied from approximately 5 to 12 pups per litter. For context, mean litter size was 8.6 Ϯ 0.7 SE in Selous, 10.0 in Serengeti National Park, and 11.9 in Kruger National Park (Fuller et al. 1992; Maddock & Mills 1994; van Heerden et al. 1995; Creel et al. 1997 a ) . Under moderate lion densities, reducing mean litter size had little effect on extinction risk until average litter size dropped below 6-7 pups (Fig.  5) . Likewise, an increase in mean litter size from 8 to 12 pups per litter produced only a small reduction in extinction risk with high lion density. As mean litter size fell below 6 pups per litter, extinction risk increased substantially for both moderate and high lion densities.
Pack Size
Because reproductive success is strongly correlated with pack size, we directly examined the influence of pack size on extinction risk by changing the threshold size of the pack at which individuals dispersed. Our model best mimicked the Selous population for a dispersal threshold of 12 adults. Under moderate lion density, a 12-adult threshold was associated with average pack sizes that resulted in a nearly 100% chance of persistence to 50 years, so an increase in mean pack size would do little to decrease extinction risk (Fig. 6 ). In contrast, extinction risk increased sharply as the dispersal threshold dropped below 10 adults per pack. To illustrate, PP 50 dropped from 0.96 to 0.74 as the dispersal threshold decreased from 10 to 6 adults.
Under high lion density, 12 wild dogs is near (slightly above) the inflection point in the PP 50 curve, so an increase or a decrease in mean pack size would substantially increase or decrease the population's probability of persisting. Above approximately 20 dogs per pack, the curve flattens and population persistence increases little. These results suggest a fairly strong interaction among lion density, pack size, and the persistence of wild dog populations.
Discussion
Our model translates recent insights into wild dog ecology into estimates of extinction risk. Although the simulations represent an appropriate interpretation of available data, the quantitative estimates of risk should be treated with caution. Extinction risk may have been higher or lower if important population processes were left unincorporated. Although parameter estimates were based on 6 field-years of observation, these years may not be representative of population trends over the next 20-100 years. Nevertheless, these simulations provide valuable insight into the relative risk of extinction associated with various ecological and demographic processes.
Our finding that lion competition is associated with dramatic increases in extinction risk is corroborated by empirical observations in Kruger (M. G. L. Mills & Gorman 1997) , Serengeti (Kruuk 1972; Malcolm 1979) , and Selous (Creel & Creel 1996 ) that interspecific competition and predation by lions increase extinction risk for wild dog populations. Specifically our predictions are consistent with the disappearance of wild dogs from Serengeti and Ngorongoro (Estes & Goddard 1967; al. 1991; Creel & Creel 1996) within a decade of lion densities increasing from low (Ͻ100 lions/1000 km 2 ) to high (Ͼ140 lions/1000 km 2 ) (Fig. 1) . Our simulations and these observations provide compelling evidence that competition with lions is critically important to wild dog conservation because the probability of persistence (PP x ) declines steeply as lion density increases, well within the observed range of lion density. The sensitivity of wild dog population viability to lion density, however, presents a significant challenge for wild dog conservation because accurate and precise population estimates for wild dogs and their competitors (lions and hyenas) are difficult to obtain (Rodgers 1974; Creel & Creel 1996; M. G. L. Mills 1996; Ogutu & Dublin 1998) .
Because spotted hyenas, like lions, also compete with wild dogs (Kruuk 1972; Creel & Creel 1996; Gorman et al. 1998) , it would be desirable to model extinction risk for a wild dog population in competition with spotted hyenas as well as lions. Unfortunately, information on the population dynamics of hyenas is limited enough to prevent us from modeling their population dynamics as we did for lions. Because lion and hyena densities are often positively correlated across ecosystems (Stander 1991) , however, disentangling the effects of lions and hyenas on wild dogs will be difficult (Creel & Creel 1996) , and modeling these effects independently would probably overestimate extinction risk. This problem clearly highlights the difficulty of estimating extinction risk when multiple ecological interactions operate (Boyce 1992) . Whereas lions primarily affect wild dogs through predation, the hyenas' effect is mainly through food stealing (Gorman et al. 1998) . Explicitly incorporating either of these effects into a demographic model is difficult because predation (like most other causes of death) is rarely observed and food loss affects demography indirectly. In our model, the effect of competition with hyenas could perhaps be considered by converting hyenas into "lion-equivalents."
Another complex and potentially important process that we were unable to explicitly account for is the synergism between lion density, transmission rates of disease between species (e.g., CDV: Alexander et al. 1996; Roelke-Parker et al. 1996) , and infection rates among wild dogs. Under some circumstances, however, potentially synergistic effects may be indirectly indicated by comparing the PP x curves for moderate and high lion densities in Fig. 3 or by shifting to a higher annual probability of an epidemic for the high lion density curve. In this context, viral diseases had a similar qualitative effect on persistence, regardless of lion density (Fig. 3) . Because the PP x curves are nonlinear, however, an interaction effect may vary from weak to strong. Although rabies and CDV are widely thought to progress from domestic dogs to wild carnivores in Africa (Gascoyne et al. 1993; Kat et al. 1995; Roelke-Parker et al. 1996) , current data are inconclusive about transmission from domestic dogs to one wild species and then to another. Because these interactions may be important, better data on routes and rates of interspecific transmission may be required for accurate assessments of extinction risk (Dobson 1995) .
Although the lethality of CDV for adult wild dogs represents another uncertainty (Alexander et al. 1996; RoelkeParker et al. 1996; Creel et al. 1997c ), we modeled CDV as fatal for juveniles and yearlings but not for adults. If more extensive data indicate that CDV is typically lethal for adult wild dogs, then our CDV simulation will underestimate its effect, and the rabies simulation would provide a better model. For now, modeling three general classes of viral disease is useful: those killing all ageclasses (rabies), yearlings and pups (CDV, with the above caveat), and just pups (CPV).
Although our approach to modeling disease by manipulating age-specific mortality is similar to previous modeling attempts (i.e., Woodroffe et al. 1997) , we arrived at some conclusions that are strikingly different. For example, one previous attempt (using VORTEX) modeled CDV and rabies as catastrophes that occurred in 3% of years and reduced persistence by 50%, and it revealed essentially no effect of disease on 50-year extinction risk for populations larger than 20 dogs (i.e., ). Viral outbreaks in wild dog populations, however, are known to substantially exceed rates of 0.03/ year (e.g., Serengeti with outbreaks of rabies and/or CDV at intervals of Ͻ10 years ; Schaller 1972; Malcolm 1979; Gascoyne et al. 1993; Roelke-Parker et al. 1996) . Therefore, we modeled the effect of disease for annual probabilities of outbreak ranging from 0 to 1. In our simulations, rabies and CDV decreased in persistence when disease-induced adult mortality exceeded 0.3, and outbreaks occurred at intervals of Ͻ10 years. The Serengeti population of wild dogs was exposed to similar conditions immediately prior to their disappearance (Malcolm 1979; Gascoyne et al. 1993; Burrows et al. 1994 ). In contrast to previous conclusions, we conclude that rabies and CDV might have substantial effects on 50-year extinction risk for a population of approximately 100 (cf. Fig. 3, with Fig. 5 .2 of Woodroffe et al. 1997) .
Our simulation results, however, were also remarkably similar to some previous conclusions about the role of disease. For example, a previous attempt to model CPV showed that juvenile mortality was reduced in all years and concluded that "in all but the smallest populations [20 dogs], varying juvenile mortality in the region of 50-70% has little effect on population persistence. Above 70%, however, small increases in juvenile mortality generate large changes in population persistence" (Woodroffe et al. 1997:85) . Suggesting that the result is robust, our results closely match this conclusion: our simulations, where annual probability of an outbreak is 1.0 (Fig. 3) , correspond to the approach taken by Woodroffe et al. (1997) . Under these conditions, our simula-tions showed little effect of disease-induced mortality in pups until the mortality due to disease reached 0.30, or a total pup mortality of 0.71 (baseline annual mortality for pups was 0.41). Disease-induced pup mortality as high as 0.3-0.4 had little effect when the annual probability of an epidemic dropped below 0.5. Collectively, our results and those of Woodroffe et al. (1997) suggest that population persistence is relatively insensitive to juvenile mortality in wild dogs, unless it is severe and persistent.
In sharp contrast, however, simulations for variation in litter size revealed rapid declines in population persistence if mean litter size dropped below six pups. Because mean litter size in Selous is only 18% larger than this threshold, any factor that reduces fecundity or the survival of newborns may be a serious threat to viability. In other populations, mean litter size is large enough that this threshold is of less concern. Because wild dogs produce unusually large litters, pup production is not expected to be a demographic limitation. Consistent with this expectation, increased mean litter size above the range seen in the wild (8.5-11.9) had little effect in reducing extinction risk.
Our simulations suggest that populations comprising larger packs (up to about 20 adults) have substantially lower extinction risk at high lion density (Fig. 6 ). Large pack size was also associated with higher per capita rates of net energy intake (Creel & Creel 1996; Creel 1997) . The apparent advantages of large pack size are probably offset, however, by disadvantages associated with pack size. For example, social suppression of reproduction may set an upper limit on pack size because subordinates may be unwilling to remain in a pack in which breeding opportunities associated with achieving social dominance are limited (Frame et al. 1979; Malcolm & Marten 1982; Creel et al. 1997a) . As pack size increases, subordinates are less likely to achieve dominance and breed. Thus, individual and group selection may be juxtaposed because behavior appearing to increase individual fitness would reduce population viability.
Although we did not directly model human effects on population persistence, human-caused mortality is implicitly included in our estimates of age-specific mortality. Moreover, human effects appear to be weak for wild dogs in Selous but are important elsewhere (Woodroffe & Ginsberg 1998) . Nevertheless, the apparent extinctionprone nature of wild dogs is not satisfactorily explained by human effects. In the 1800s, prior to widespread effects of humans on the distribution of carnivores in eastern and southern Africa, Selous (1908) reported that wild dogs were widely distributed but nowhere common. Also, wild dogs exhibit much lower densities than sympatric large carnivores, even when human effects on the other species are known to be strong. For example, snaring imposes heavy mortality on spotted hyenas (Crocuta crocuta) in Serengeti National Park (Hofer et al. 1993 ), but spotted hyenas outnumbered wild dogs by at least an order of magnitude (Creel & Creel 1996) for several decades. These patterns and our simulations suggest that ecological factors are an important contributor to the extinction-prone nature of wild dogs.
Summary and Recommendations
Most extant populations of wild dogs consist of fewer than 100 individuals. Our simulations suggest that population of this size face substantial extinction risk within the next 100 years under a range of realistic ecological and demographic conditions. Field studies and our simulations alike suggest that competition with larger carnivores and viral diseases both pose serious problems for the conservation of wild dogs, particularly for populations with small pack size or small litters. Our conclusions, however, which are based on data from a single population, may change to the extent that other populations differ in their demography. Future attempts to model extinction risk for wild dogs would benefit from better data on the degree to which human-caused mortality is additive or compensatory, on age-specific mortality due to infectious diseases, on transmission rates among species, on the demography of dominant competitors, and on the mechanisms by which competitors affect wild dogs.
Although our quantitative estimates of extinction risk should be evaluated cautiously, they suggest that the persistence of many wild dog populations will require active management. For example, viability may be adequately raised by managing for dispersal among populations or by augmenting populations with single-sex immigrant groups of 3-4 individuals at intervals of 1-2 years-a potentially feasible rate of translocation for many populations. In small populations comprising one or two packs (e.g., Hluhluwe), however, translocations of single-sex groups are risky because fights between potential immigrants and residents can be fatal (Frame et al. 1979; S. and N. Creel, unpublished data) . For such populations, introductions of socially bonded breeding groups might be preferable. Another obstacle to successful translocation is the identification of source populations whose viability would be unaffected by the removal of dogs for translocation. Because the release of dogs bred in captivity has had mixed success due to their poor abilities to hunt and avoid lions (Scheepers & Venzke 1995; Woodroffe et al. 1997) , at least some wildborn dogs are desirable for translocations. Source populations might include the Selous Game Reserve (Tanzania), Kruger National Park (S. Africa), and possibly the population of northern Botswana. Effective wild dog conservation is likely to require active management to alleviate the effects of interspecific competition, to promote dispersal among populations, or to augment population size.
